Elastic and inelastic neutron scattering studies have been carried out on the pyrochlore magnet Ho2Ti2O7. Measurements in zero applied magnetic field show that the disordered spin ice ground state of Ho2Ti2O7 is characterized by a pattern of rectangular diffuse elastic scattering within the [HHL] plane of reciprocal space, which closely resembles the zone boundary scattering seen in its sister compound Dy2Ti2O7. Well-defined peaks in the zone boundary scattering develop only within the spin ice ground state below ∼ 2 K. In contrast, the overall diffuse scattering pattern evolves on a much higher temperature scale of ∼ 17 K. The diffuse scattering at small wavevectors below [001] is found to vanish on going to Q=0, an explicit signature of expectations for dipolar spin ice. Very high energy-resolution inelastic measurements reveal that the spin ice ground state below ∼ 2 K is also characterized by a transition from dynamic to static spin correlations on the time scale of 10 −9 seconds. Measurements in a magnetic field applied along the [110] direction in zero-field cooled conditions show that the system can be broken up into orthogonal sets of polarized α chains along [110] and quasi-one-dimensional β chains along [110]. Three dimensional correlations between β chains are shown to be very sensitive to the precise alignment of the[110] externally applied magnetic field.
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I. INTRODUCTION
Ho 2 Ti 2 O 7 is a member of the rare-earth titanate, cubic pyrochlore materials, which crystallize into the Fd3m space group 1 . This family of materials has been of great interest as the magnetic rare earth sites, the A-sites in the composition A 2 B 2 O 7 , reside on a network of cornersharing tetrahedra, the archetypical structure for geometrical frustration in three dimensions 2 . The magnetic properties of this family of materials are very diverse, as the size and anisotropy of the relevant moments, as well as the nature of the coupling between moments on different sites, varies dramatically across the rare-earth series. Particular interest has focused on Ho 2 Ti 2 O 7 and Dy 2 Ti 2 O 7 , both of which are characterized by strongly anisotropic, Ising magnetic moments with local [111] anisotropy, and net nearest-neighbor interactions which are ferromagnetic. The nature of the crystal field splittings associated with Ho 3+ in the Ho 2 Ti 2 O 7 environment is such that large magnetic moments (∼ 10 µ B per Ho) are tightly constrained to point directly into or out-of the tetrahedra on which they reside 3, 4, 5 .
This combination of a hard, local 111 anisotropy and coupled classical spins on the pyrochlore lattice has been well studied. Somewhat counterintuitively, antiferromagnetic near-neighbor interactions lead to a foursublattice Neel state, which is not frustrated. However, an effective ferromagnetic near-neighbor interaction with local 111 anisotropy leads to a spin ice ground state, in which the spins on each tetrahedra are constrained by "ice rules" which require two spins pointing in and two spins pointing out on each tetrahedron 6, 7 . There are six such degenerate configurations per tetrahedron, and hence an extensive number of configurations for an extended pyrochlore lattice. As is well known, this degeneracy is the same as that which arises from proton disorder in solid water ice, and accordingly this ground state is referred to as spin ice 6 . A unit cell of the pyrochlore lattice, containing 16 Ho 3+ ions at the A-sites, is shown in Figure 1 . The spins in Figure 1 have been chosen to obey the two-in, two-out ice rules for each tetrahedron, hence the spin configuration depicted is one of many degenerate spin ice ground states.
The pyrochlore lattice can be decomposed in several fashions for convenience. For example, it can be thought of as an alternating stacking of triangular (edge-sharing triangles) and kagome (corner-sharing triangles) layers along the [111] direction 8, 9, 10, 11 . It can also be decomposed into two orthogonal sets of chains, referred to as α and β chains, which run along the orthogonal [110] and [110] directions 6, 12, 13, 14, 15 . In this scenario, half of the spins in the system reside on the α chains, while half reside on the β chains. An illustration of this conceptual picture can be found in Figure 1 , and as will become clear later on, such a decomposition can be very useful in the presence of a [110] magnetic field which breaks the crystal symmetry along one particular [110] direction. A useful starting point description for Ho 2 Ti 2 O 7 is the following Hamiltonian for spins interacting on the pyrochlore lattice, known as the standard dipolar spin ice model 7, 14, 16, 17 :
The first term in Eq. 1 describes the relatively weak nearest-neighbor exchange interactions between Ho 3+ moments, while the second term accounts for the Zeeman energy which arises due to the interactions of Ho
3+
moments with the applied magnetic field. The third term describes the long-range dipolar interactions, which can be of considerable importance since the size of the moments is very large. The S , and sought to identify the nature of the relevant field-induced phases and phase boundaries 8, 10, 11, 12, 14, 15, 20, 21, 22 . A number of experiments have also probed the unusual dynamics of spin freezing in these materials 23, 24, 25, 26, 27, 28 . In this paper, we investigate several distinct themes. First we discuss the details of S(Q) as measured with time-of-flight neutron spectroscopy at low temperatures and compare these results to previous experimental and theoretical work. We focus specifically on topics not previously discussed: zone boundary scattering in Ho 2 Ti 2 O 7 and the characteristic signatures of dipolar spin ice. We also investigate how S(Q) evolves with temperature as the spin ice state is destroyed upon warming to T∼ 2 K and above. We explore the dynamical behaviour of the Ho 3+ spins as the spin ice state is approached upon cooling, and show direct evidence for spin freezing on a 10 Time-of-flight neutron scattering measurements were performed using the Disk Chopper Spectrometer (DCS). DCS uses a series of seven choppers to create pulses of monochromatic neutrons, whose energy transfers on scattering are determined from their arrival times at the instrument's 913 detectors, located at scattering angles ranging from -30 to 140 degrees 30 . Measurements were performed using both 5Å and 9Å incident neutrons. These measurements were used to map out the pattern of diffuse scattering in the [HHL] plane as a function of temperature and magnetic field, as well as to search for inelastic scattering with approximate energy resolutions of ∼ 0.1 meV (5Å measurements) and 0.02 meV (9Å measurements).
Much higher energy-resolution measurements were also carried out using the High Flux Backscattering Spectrometer (HFBS). In HFBS neutrons are backscattered from a spherically focusing monochromator, interact with the sample, and are backscattered a second time by a spherically focusing analyzer before reaching a bank of 16 detectors ranging from Q = 0.1 to 2.0Å −1 [Ref. 31] . A Phase Space Transformation (PST) chopper is used to increase the neutron flux of the instrument by Doppler shifting the incident neutron wavelength distribution towards the appropriate backscattered wavelength. A high speed Doppler drive is used to oscillate the monochromator, significantly expanding the dynamic range of the instrument. In this experiment, inelastic measurements were performed with a dynamic range of ± 17 µeV and an approximate energy resolution of 0.92 µeV. This is roughly a factor of 20 times greater energy resolution than the 9Å measurements collected with DCS.
III. DIFFUSE MAGNETIC SCATTERING IN ZERO MAGNETIC FIELD
Figures 2 a) and b) show S(Q) for Ho 2 Ti 2 O 7 at T∼ 0.2 K measured in the [HHL] plane. Figure 2 a) was collected using DCS and 5Å incident neutrons and 2 b) with DCS and 9Å incident neutrons, allowing smaller |Q| scattering to be accessed. The time-of-flight neutron scattering technique simultaneously measures both the Q and energy dependence of the scattering. However, the diffuse scattering in both Figures 2 a) and b) is found to be resolution-limited in energy, and hence is elastic in nature. The diffuse scattering can be seen to peak up into well-defined rectangular regions, the most prominent of which are centered on the (0,0,1) and (0,0,3) positions in reciprocal space. The main region in the field of view which is devoid of diffuse scattering is centered on (0,0,2) and can be seen to have an approximately hexagonal shape. The overall pattern closely re- sembles the zone boundary scattering which has been reported for Dy 2 Ti 2 O 7 19 , suggesting that such scattering may be characteristic of spin ice as manifested in both of these materials. In Dy 2 Ti 2 O 7 , this zone boundary scattering has been attributed to either emergent hexagonal clusters 19 , or to expectations from a generalized dipolar spin ice model which includes furtherneighbour exchange interactions 17 . The measured S(Q) for Ho 2 Ti 2 O 7 in Figure 2 differs in detail from both earlier reported neutron diffraction measurements on Ho 2 Ti 2 O 7 18 , and from the expectations of the nearneighbor spin ice model and the simple dipolar spin ice model (Eq. 1) 7, 17, 18 .
One of the most striking differences between calculations for the near-neighbor spin ice model (with net near-neighbor ferromagnetic exchange and hard 111 anisotropy) and the simple dipolar spin ice model (which includes the full Hamiltonian shown in Eq. 1) is a pronounced depression of the diffuse magnetic scattering near the origin of reciprocal space, at Q=0 7, 18 . This region of negligible scattering intensity at small Q arises due to the presence of dipolar interactions, which preclude the formation of a state with non-zero magnetization in zero applied field. This feature is unmistakably visible in our new measurements on Ho 2 Ti 2 O 7 , shown in Figure 2 b), which clearly reveal that the diffuse scattering drops off to background for L≤0.6 for Q= [HHL] . The direct observation of this low Q depression in scattering intensity provides compelling evidence for the dipolar nature of the correlations in the ground state of Ho 2 Ti 2 O 7 . This feature of S(Q) can only be observed in the present set of measurements because they employ long wavelength 9Å incident neutrons.
Zone boundary inelastic scattering has been observed in the spinel ZnCr 2 O 4 32 where it has been interpreted in terms of strongly correlated spins in approximately independent hexagonal clusters which reside within the kagome planes of the pyrochlore structure. Similar scattering features have also been identified in the spinels CdFe 2 O 4 33 and CdCr 2 O 4 34 . Theoretical work on a generalized dipolar spin ice model has shown that elastic zone boundary scattering can also be accounted for by tuning exchange interactions, not included in Eq. 1, beyond near-neighbors 17 . The importance of furtherneighbor exchange interactions in spin ice has also been demonstrated by studies in which up to third nearestneighbour exchange couplings have been used to explain the critical temperatures of observed field-induced transitions in Dy 2 Ti 2 O 7 8,14,21 . In any case, it seems clear that the nature of the zone boundary scattering is characteristic of a host of such highly frustrated pyrochlore magnets. S(Q) measurements using DCS with 5Å incident neutrons, similar to those shown in Figure 2 a), were performed as a function of temperature up to T=20 K in order to investigate the evolution of spatial correlations across the spin ice transition near 2 K. As mentioned earlier, the entrance to the spin ice ground state is identified by a Schottky-like anomaly in the heat capacity, so no conventional phase transition is expected. An additional surprisingly high temperature scale has also been identified -at least in Dy 2 Ti 2 O 7 . AC susceptibility measurements on Dy 2 Ti 2 O 7 reveal a frequencydependent anomaly in the 15 K regime 24, 25 . A corresponding anomaly has also been identified in Ho 2 Ti 2 O 7 , but only in the presence of a DC field 26 . This relaxation process is believed to be a thermally activated single-ion process, with an activation energy which is governed by the gap between the ground state and the first excited crystal field state 26, 27 . The observed spin fluctuation rate is also typical for an individual spin flip process. It is the presence of these anomalies in the AC susceptibility that determined the temperature scale on which we chose to explore the evolution of S(Q) in Ho 2 Ti 2 O 7 .
Representative S(Q) measurements for Ho 2 Ti 2 O 7 in the [HHL] plane at T=2 K (close to the spin ice Schottkyanomaly), T=4 K (well above the spin ice anomaly), and T=20 K (above the high temperature scale identified in the AC susceptibility measurements) are shown in Figures 3 a), b) , and c), respectively. These maps can be compared to the T=0.2 K data provided in Figure 2 a) to show how the zero field S(Q) in Ho 2 Ti 2 O 7 develops with temperature, from an order of magnitude below the specific heat anomaly at T ∼ 2 K to an order of magnitude above it. As can be seen from these maps, the evolution of the measured S(Q) is somewhat subtle. This is not so surprising as the disordered spin ice ground state at T=0.2 K already displays exceptionally short correlation lengths (with spins correlated over a single tetrahedron), and hence warming up into the conventional paramagnetic phase cannot substantially shorten the overall spin correlations. The integrated intensity of line scans taken through the peak in the diffuse scattering at (0,0,3) is shown in Figure 3 d ). This shows that the integrated diffuse scattering falls off gradually with slight upwards curvature on a relatively high temperature scale of ∼ 17 K -very close to the 15 K anomaly identified in the AC susceptibility measurements. This sets the scale on which S(Q) can evolve, since beyond ∼ 17 K there is very little structure to S(Q) within our field of view. It should be noted that neutron spin echo measurements have detected evidence of diffuse magnetic scattering in Ho 2 Ti 2 O 7 up to temperatures as high 800 K, although any indications of spatial correlations appear to vanish above ∼55 K 28 .
A collection of representative line scans taken through the zone boundary scattering are provided in Figure  4 . These scans have been taken along the [-2H+4/9, -2H+4/9, H+16/9] direction, allowing them to cut through the zone boundary scattering at its sharpest points, near (2/3, 2/3, 5/3) and (-2/3, -2/3, 7/3). The orientation of these cuts with respect to the overall pattern of diffuse scattering is displayed in the inset to Figure 4 a) , where the direction of the line scans can be identified by the dashed magenta line from (1,1,3/2) to (-1,-1,5/2). As a guide-to-the-eye, the hexagonal shape of the zone boundaries has also been highlighted by a series of dashed white lines. The line scans provided in the main panel of Figure 4 a) illustrate how the zone boundary scattering evolves with temperature in zero field, with data sets collected at T=0.2 K, 2 K, and 20 K. These cuts clearly demonstrate that well-defined peaks in the diffuse zone boundary scattering can only be identified below the spin ice anomaly at T∼ 2 K. destroying the spin ice ground state at sufficiently high field strengths.
An interesting subject which has recently attracted considerable attention is the potential presence of "pinch point" scattering in Ho 2 Ti 2 O 7 . Pinch point features have been theoretically predicted to arise in frustrated magnets as a consequence of enforcing the local ice rules 10, 35, 36 . These features, which are relatively sharp in specific directions, could be expected to broaden significantly upon passing through the spin ice anomaly. Sharp pinch point features in S(Q) have already been identified in Ho 2 Ti 2 O 7 in the presence of a [111] magnetic field 10 . Such an applied magnetic field gives rise to a magnetization plateau which signifies the stability of the kagome ice phase of Ho 2 Ti 2 O 7 8,11 . As previously mentioned, the pyrochlore lattice can be decomposed into a series of alternating triangular and kagome planes which are stacked normal to the [111] direction. The kagome ice phase is characterised by spins which are locally constrained on the kagome planes, and spins which are polarized by the applied field on the triangular planes.
The pinch point scattering predicted by the dipolar spin ice model is expected to arise at Brillouin zone centers, such as (0,0,2). However, as the map of S(Q) provided in Figure 2 a) clearly indicates, the (0,0,2) position is situated at the center of a region which is almost entirely devoid of diffuse scattering. Thus the present set of measurements reveal no indications of pinch point correlations in Ho 2 Ti 2 O 7 at zero field, a result which is fully consistent with the previous work of Fennell et al 10 . Unfortunately, due to the presence of a large fielddependent Bragg peak at (0,0,2) and the emergence of rod-like scattering along [00L], we are unable to offer any definitive comment on the potential for pinch point features in an applied [110] field. Any evidence for the relatively subtle pinch point correlations is likely to be obscured by these much stronger field-dependent scattering features.
It is also interesting to investigate how signatures of the entrance into the spin ice ground state are manifested in the spin dynamics of Ho 2 Ti 2 O 7 . As discussed earlier, below 2 K the energy-dependence of the diffuse magnetic scattering in Ho 2 Ti 2 O 7 appears to be entirely elastic on the energy resolution scale which is accessible with DCS (0.1 meV with 5Å incident neutrons; 0.02 meV with 9Å incident neutrons). Interestingly, this is very different from the diffuse magnetic scattering characteristic of the spin liquid ground state in Tb 2 Ti 2 O 7 in zero field 37, 38, 39 , which is inelastic on the energy scale of ∼ 0.3 meV 39 . As shown in Figure 5 a), the energy width of the diffuse scattering can be seen to broaden slightly above 2K, providing an indication that spins are becoming more dynamic outside of the spin ice state. This is confirmed by the data in Figure 5 b), which shows that the gradual decrease in the intensity of the elastic diffuse scattering at higher temperatures is accompanied by a simultaneous increase in the intensity of the inelastic diffuse scattering. This shows that the static spins of the spin ice state undergo slow fluctuations as the temperature of the system rises above 2K. Improving on this energy resolution requires either the use of backscattering techniques to measure S(Q,hω) directly, or neutron spin echo (NSE) measurements of S(Q,t) which have already been carried out on Ho 2 Ti 2 O 7 . NSE measurements on Ho 2 Ti 2 O 7 show a continuous evolution of the time-correlations for spins within the time window to which NSE is sensitive, over a temperature scale from Figure  5 , these representative scans clearly indicate a broadening of the energy width above the Schottky anomaly at 2 K. In order to extract quantitative values for the energy width of the diffuse scattering these data sets were fit to Lorentzian lineshapes which were convoluted by a Gaussian resolution function. The resulting FWHM of the scattering, which is characteristic of an inverse lifetime τ , is plotted as a function of temperature in Figure 7 . We observe that the diffuse scattering only approaches our resolution limit on entering the spin ice ground state below ∼ 2 K. The paramagnetic state above T=2 K is characterized by a finite spin relaxation rate which is roughly temperature independent from ∼ 3 to 30 K and increases with temperature above 30 K. Consequently, the distinguishing characteristics of the disordered spin ice ground state below the Schottky anomaly at 2 K are that the structure of the zone boundary scattering within S(Q) is well developed, and the structure is static on a time scale of 10 −9 seconds. Neither of these statements is true for Ho 2 Ti 2 O 7 at temperatures of T=2 K or above in zero applied field.
In the inset to Figure 7 we see the temperature evolution of the characteristic spin relaxation time τ plotted on a log-log scale. Over the larger temperature window provided in this inset we can see three distinct relaxation regimes: (i) the high temperature Arrhenius-like relaxation above 30K, (ii) the temperature independent so-called quantum relaxation from 3K to 30K, and (iii) the diverging relaxation times indicative of spin-freezing below 2K. Plotted in this fashion, our data above 2 K fall into excellent agreement with previously reported NSE measurements on Ho 2 Ti 2 O 7 41 . However, what is unique to the present Ho 2 Ti 2 O 7 backscattering measurements is our observation of the dramatic increase in relaxation times which occurs below the specific heat anomaly at 2 K. This behavior is fully consistent with the observed temperature dependence of the characteristic spin relaxation time in Dy 2 Ti 2 O 7 as measured by AC susceptibility 42 , with only a slight shift in the relevant temperature scales distinguishing the two materials.
Our backscattering measurements can also provide information about how the integrated intensity of the diffuse scattering evolves with temperature. In particular, the backscattering data collected at the (0,0,1) position are a useful complement to the DCS measurements shown in Figure 3 d ) which describe the temperature dependence of the scattering at (0,0,3). Both (0,0,1) and (0,0,3) correspond to peaks in the overall pattern of diffuse scattering, and the consistency between the two sets of measurements is very good. In both cases the integrated intensity of the diffuse scattering appears to drop off on a much higher temperature scale than the relaxation time, somewhere in the vicinity of 15 to 20 K.
IV. SCATTERING UNDER H [110] ZERO-FIELD-COOLED CONDITIONS
It has been appreciated for some time that the application of a magnetic field along [110] and equivalent directions should decouple the spin ice ground state into polarized α chains (which point along the field) and perpendicular β chains 6, 12, 13, 14, 15 , as illustrated in Figure  1 . This decoupling has been demonstrated directly in Dy 2 Ti 2 O 7 by neutron scattering experiments 15 . Related measurements have also been performed on Ho 2 Ti 2 O 7 15 , although to date maps of the low temperature diffuse scattering have only been reported for Dy 2 Ti 2 O 7 .
In Figure 8 the measured S(Q) for Ho 2 Ti 2 O 7 in the [HHL] plane is shown at base temperature (T=0.2 K) for H [110] . The data sets provided in these four panels correspond to applied magnetic field strengths of a) 0.2 T, b) 0.4 T, c) 0.9 T, and d) 2.5 T. When combined with the zero field S(Q) data displayed in Figure 2 , these maps illustrate the evolution of the diffuse scattering from broad, rectangular, zone boundary scattering at zero field to narrow, rod-like scattering extending along [00L] at finite fields. This rod-like scattering can be interpreted as arising from sheets of quasi-one-dimensional scattering from decoupled β chains intersecting with the [HHL] scattering plane. Coinciding with the development of this rod-like scattering is the growth of the scattering intensity at the (0,0,2) Bragg peak, which is indicative of the polarization of the α chains. Although it is possible to have ordered magnetic states with polarized α chains and negligible (0,0,2) peak intensity, in the case where there is no net moment within the β chain sublattice, the intensity of the (0,0,2) peak can be taken as a direct measure of the α chain polarization. For these measurements, and all subsequent measurements reported below, the magnetic field was applied at low temperatures following a zero-field cooled protocol.
Cuts through the diffuse scattering shown in Figure 8 were taken along the [00L] direction, parallel to the rod of scattering, and along the [HH3] direction, perpendicular to the rod, as shown in Figures 9 a) and b) . These cuts were then fit to an anisotropic Lorentzian using an Ornstein-Zernike form, for the purpose of extracting correlation lengths parallel and perpendicular to the rods. The resulting correlation lengths in real space are shown as a function of field in Figure 9 d ). These fits show that the diffuse scattering is fully three-dimensional in zero field, as expected, with identical correlation lengths of ∼ 3.6Å, or one near-neighbor separation, in all directions. The scattering immediately becomes anisotropic upon the application of a [110] magnetic field, with both sets of correlation lengths growing as a function of increasing field strength. As can be seen in Figure 9 d) , the transition to a quasi-one-dimensional structure is complete by ∼ µ 0 H=1 T, at which point the correlations along the β chains are resolution-limited (> 100Å) and those between β chains are saturated at 10Å, or roughly two interchain distances. The integrated intensity of the (0,0,2) Bragg scattering was also monitored as a function of [110] magnetic field, as shown in Figure 9 c). As noted earlier, the (0,0,2) intensity can be interpreted as a measure of the polarization of spins on the α chains, and it is observed to grow sharply and approach saturation by 0.9 T. This corresponds very closely with the full development of the quasi-one-dimensional correlations of spins residing on the β chains, a result which agrees very well with previous neutron results 15 . We now return to the zone boundary scattering shown in the line scans of Figure 4 , and specifically how these spin ice correlations evolve with the application of a [110] magnetic field. The field dependence of the zone boundary scattering is shown in Figure 4 b) for T=0.2 K and representative field strengths of 0, 0.1, 0.3, 0.5, and 0.9 T, respectively. These scans capture the peaks from the narrowest regions of the diffuse scattering, near (2/3,2/3,5/3) and (-2/3,-2/3,7/3), as well as the fielddependent Bragg scattering observed at (0,0,2). We find that the intensity of the zone boundary scattering begins to drop with the application of any finite [110] magnetic field, with evidence of distinct peaks vanishing by ∼ 0.5 T. This coincides with the point at which the (0,0,2) Bragg scattering, representing the polarization of spins on the α chains, is almost fully developed. The complete elimination of the diffuse scattering along the cuts shown in Figure 4 b) requires a field of 0.9 T, at which point the intensity of the (0,0,2) peak is completely saturated.
We also note that the scattering intensity of the (0,0,2) Bragg reflection is weak, but unmistakably non-zero, even in the absence of an applied magnetic field. This (0,0,2) scattering can clearly be observed in the zero-field measurements of S(Q) provided in Figures 2, 3 , and 4. This weak Bragg feature is structurally forbidden within the Fd3m space group appropriate to the pyrochlores, and appears to be temperature independent up to at least T=20 K. Earlier neutron diffraction measurements on pyrochlores such as have identified similar scattering at the (0,0,2) position, but in general there has been a tendency to associate this feature with harmonic Bragg (λ/n) contamination.
Since the present time-of-flight measurements (like those of Refs. 39 and 44) do not employ Bragg reflection from a monochromator cystal, we can be assured that such scattering is not due to higher order contamination, and likely indicates a weak departure from the perfect pyrochlore structure in Ho 2 Ti 2 O 7 and perhaps in all real pyrochlore materials 39 .
A series of S(Q) measurements were also performed for Ho 2 Ti 2 O 7 with the applied magnetic field offset from [110] by a rotation of 7.6 ± 3 degrees about the [00L] direction. These measurements should be contrasted with the data discussed above for which the magnetic field is nominally applied precisely along [110] , but in practice is aligned to within an accuracy of ± 1 degree. The identification of the precise misalignment of the magnetic field comes about by virtue of the relative positions at which several Bragg peaks were observed on the three detector banks of DCS. In this case, the appearance of the (0,0,2) Bragg reflection on the middle detector bank, combined with allowed Fd3m Bragg peaks such as (1,1,3) and (-1,-1,3) appearing on the upper and lower detector banks, is consistent with a field misaligned from [110] by 7.6 ± 3 degrees about [00L] . Note that the same rotation which changes the orientation of the applied field will also affect the scattering plane used in the experiment. If the applied field direction is offset from [110] by some angle θ about [00L], then the new scattering plane can be expressed as:
Thus, for a field offset of θ ∼ 7.6 degrees, the scattering plane should be roughly coincident with the [1.13H, 0.86H, L] plane in reciprocal space. A comparison of the measured S(Q) for Ho 2 Ti 2 O 7 in the presence of aligned and misaligned applied magnetic fields is provided in Figure 10 . Both of the data sets depicted here were collected using the same crystal of Ho 2 Ti 2 O 7 , and both sets of measurements were taken at T=0.2 K and µ 0 H=0.5 T. The effect of the canted [110] field can be understood in terms of its decomposition into a large aligned [110] field along the α chains, and a smaller field perpendicular to the α chains due to misalignment. In this case, the perpendicular component of the field is aligned along [110] , parallel to the β chains. The weak, primarily dipolar, interactions between β chains are expected to be antiferromagnetic in nature, and this is consistent with the pattern of diffuse scattering observed in Figure 8 . The application of a small uniform magnetic field along the direction of the β chains would frustrate these antiferromagnetic correlations, resulting in the enhanced one-dimensionality which we observe in the presence of the canted field. We also expect that small offsets to the field direction should have little measureable effect on the polarization of the α chains, since the component of the field along [110] will be only slightly diminished by misalignment. Once again, this prediction appears to be fully consistent with the data shown in Figure 10 .
One implication of this result is that such offsets to the field orientation, even in the case of nominal "perfect" alignment, may be sufficient to frustrate the three dimensional correlations between β chains. In turn, this frustration may cause the spin ice system to remain in a quasi-one-dimensional short-range ordered state, rather than arriving at its true equilibrium state 14 , characterized by long-range ordered β chains. The significance of small deviations from perfect alignment has also been demonstrated theoretically by Monte Carlo studies on dipolar spin ice 45 , where misalignments of only one degree have been shown to suppress antiferromagnetic interchain order in modest [110] applied fields.
V. CONCLUSIONS
In conclusion, we have carried out neutron scattering measurements on the spin ice ground state of single crystal Ho 2 Ti 2 O 7 as a function of temperature and applied magnetic field. In zero magnetic field, S(Q) at T=0.2 K is characterized by diffuse, elastic scattering which closely resembles the zone boundary elastic scattering seen in Ho 2 Ti 2 O 7 's sister spin ice material, Dy 2 Ti 2 O 7 . We have explicitly shown that the diffuse scattering falls to zero as |Q| goes to zero, consistent with theoretical predictions from the dipolar spin ice model. We have also shown that the diffuse zone boundary scattering develops a well-defined structure only within the spin ice state for T< 2 K. Furthermore, it has been shown that the integrated intensity of the strongest diffuse features, the rectangles centered at (0,0,1) and (0,0,3), evolves on a surprisingly high characteristic temperature scale of ∼ 17 K, similar to that of the 15 K anomaly observed in Dy 2 Ti 2 O 7 . Very high energy-resolution inelastic neutron scattering measurements have demonstrated that the spin ice ground state of Ho 2 Ti 2 O 7 is static on a time scale of 10 −9 seconds. We have also measured the evolution of S(Q) at T=0.2 K for Ho 2 Ti 2 O 7 in the presence of a [110] magnetic field. Application of the field decomposes the system into spins residing on polarized α chains and those residing on weakly correlated β chains, leading to the formation of a quasi-one-dimensional magnetic substructure. We have shown that the peaks in the diffuse scattering at the zone boundaries vanish for magnetic field strengths which substantially polarize the α chains. Finally, we have demonstrated that the nature of the threedimensional correlations between quasi-one-dimensional β chains is very sensitive to the precise alignment of the externally applied [110] magnetic field. We hope that this work will help to guide and inform future studies of the spin ice state in the rare earth pyrochlores.
